The influence of a dielectric thin film on resonant transmission of terahertz pulses in a plasmonic array of subwavelength holes of asymmetric dielectric-metal interfaces is presented. A giant tuning of up to 0.80 THz at the surface plasmon metal-air ͓Ϯ1,0͔ mode at 1.95 THz and a further enhanced transmission at the metal-Si ͓Ϯ1,0͔ mode at 0.5 THz are achieved by modifying the film thickness. The experimental results are characterized by numerical simulation based on finite element method and angle-dependent measurements. The sensitive nature in the plasmonic hole array of asymmetric interfaces is promising in applications of biochemical sensing and tunable integrated plasmonic devices.
I. INTRODUCTION
In transmission enhancement of electromagnetic waves through an array of subwavelength holes, resonant excitation of surface plasmons ͑SPs͒, originated from the periodicity of metallic structures, was demonstrated to play a substantial role. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] One of the fascinating characteristics of the array is that their resonant frequencies are extremely sensitive to the dielectric function of the medium adjacent to the metal surface. This property makes such palsmonic arrays very promising in biochemical sensing applications. [13] [14] [15] [16] [17] In particular, arrays with asymmetric metal-dielectric interfaces on both sides, such as an air-metal-substrate system, provide improved sensitivity because the analytes ͑Ͼ1͒ applied on the array not only replace air as a dielectric medium at the metal surface, but also fill up the hole cavities formed against the substrate. This in turn provides extensive modification of the strength and peak frequencies of the SP resonances in the array.
In this article, we present the effect of a dielectric layer on terahertz transmission through a subwavelength hole array of asymmetric metal-dielectric interfaces. Modification of the layer thicknesses leads to a significant tuning of resonant terahertz transmission at the SP modes. The metal-air SP ͓Ϯ1,0͔ mode at 1.95 THz exhibits up to 0.80 THz remarkable tuning range, while the peak amplitude transmission of the metal-Si SP ͓Ϯ1,0͔ mode at 0.5 THz is enhanced from 0.82 to 0.94, due to resulted change in wave vectors of the SP modes by the dielectric overlayer. The experimental results are analyzed by angle-resolved measurements and a frequency domain finite element method ͑FEM͒ simulation.
II. EXPERIMENTS
To prepare the sample, a 180 nm thick Al array of subwavelength rectangular holes is lithographically fabricated on a silicon wafer ͑0.64 mm thick, p-type resistivity 20 ⍀ cm͒. [18] [19] [20] The dimensions of the holes are 80 m ͑x axis͒ ϫ 100 m ͑y axis͒ with a lattice period of 160 m as illustrated in the inset of Fig. 1 . A dielectric layer made from photoresist ͑ 2 = 2.2Ϯ 0.1 at 1.1 THz, Futurrex, Inc.͒ is spin-coated on the 25ϫ 25 mm 2 sized array by a singlewafer spin processor ͑Laurell WS-400A͒. Terahertz timedomain spectroscopy ͑THz-TDS͒ transmission measurement is employed to characterize the resonant properties of the array. 21 The photoconductive switch-based THz-TDS system consists of four paraboloidal mirrors arranged in an 8-F confocal geometry. This configuration enables excellent terahertz beam coupling between the transmitter and receiver and compresses the beam to a frequency-independent beam waist with a diameter of 3.5 mm as well. The THz-TDS system has a usable bandwidth of 0.1-4.5 THz ͑3 mm to a͒ Author to whom correspondence should be addressed. Electronic mail: wwzhang@okstate.edu. 67 m͒ and a signal to noise ratio ͑S/N͒ of Ͼ15 000: 1.
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To carry out far-field terahertz characterization, the array is placed midway between the transmitter and receiver modules at the waist of the terahertz beam. The polarization of the terahertz electric field is perpendicular to the longer axis ͑E Ќ y͒ of the holes. Figure 1 shows the measured terahertz pulses and the corresponding Fourier-transformed amplitude spectra transmitted through a reference and the array without the dielectric overlayer. The reference is a blank silicon slab identical to the array substrate. In order to further improve the S/N of THz-TDS measurements, each curve is an average of six individual scans. The extracted frequency-dependent amplitude transmission of the array with a dielectric overlayer of various thicknesses d, from 0 to 293 m, is illustrated in Fig. 2 . The transmission is defined as T͑͒ = ͉E out ͑͒ / E in ͉͑͒, where E out ͑͒ and E in ͑͒ are amplitudes of the terahertz pulses through the array and reference, respectively; the latter is spin-coated with the same dielectric overlayer as that on the array sample. As indicated by the arrows, the SP resonance of the Al-air ͓Ϯ1,0͔ mode drops to lower frequencies with increasing d, whereas the resonance frequencies of the Al-Si ͓Ϯ1,0͔ and ͓Ϯ1,1͔ modes reveal only minor redshifts. Without the dielectric layer, the resonance of the Al-air ͓Ϯ1,0͔ mode occurs at 1.95 THz; while it shifts to 1.87 THz with a layer thickness of 10.4 m. When the dielectric film is getting thicker up to 65 m, this resonance redshifts significantly to 1.25 THz. Further increase in layer thickness, however, leads to a little variation at this resonance mode, and it is eventually saturated at 1.17 THz with layer thicknesses varying from 173 to 293 m. In addition, the peak amplitude transmission at the SP modes is modified by the dielectric overlayer as well.
III. RESULTS AND DISCUSSION
In a metal array, SPs can be resonantly excited at the metal-dielectric interfaces following momentum conservation, 5, 23, 24 
where k sp is the wave vector of SPs, k ʈ is the in-plane wave vector, G x and G y are the reciprocal lattice vectors, G x = G y =2 / L for a square-lattice, and m and n are integers. The remarkable shift in the resonant frequency at the Al-air ͓Ϯ1,0͔ SP mode due to the addition of the dielectric layer can be understood through the dispersion relation of the SP modes at normal incidence, 5,23,24
where m and d denote the dielectric function of metal and the adjacent dielectric medium, respectively. In our case, without the dielectric layer, the adjacent medium is air, giving d = 1 = 1. When the dielectric film is applied on metal surface and if the film thickness d Ͼ is fulfilled, with the resonance wavelength, the dispersion in Eq. ͑2͒ can be modified from
where 2 is the dielectric function of the overlayer film, as shown in the inset of Fig. 3 . Thus, the resonant frequency shifts due to modification of the dielectric function of the adjacent medium. When the overlayer thickness is less than the resonance wavelength d Ͻ, however, the dielectric layer 2 along with the ambient air 1 serve as an effective adjacent medium to the metal. The shift in SP resonance arises from the modification of the SP wave vector due to a thickness change of the overlayer. 25 In the terahertz regime, the frequency-dependent dielectric function of Al can be described by the Drude model, m = c − p 2 / ͑ 2 + i␥͒. 26 At 1.0 THz, Al = −3.37ϫ 10 4 + 6.62ϫ 10 5 i. Since m = Al 2 , the modified wave vector of SPs due to the existence of the dielectric overlayer is approximately given as terahertz frequencies as
where s = d / c and c is the light speed. 25 Thus, by combining Eqs. ͑1͒ and ͑3͒, the SP resonant frequency at the Al-air ͓Ϯ1,0͔ mode as a function of the overlayer thickness can be calculated, as shown by the solid curve in Fig. 3 . Being consistent with the measured results, the theoretical values of the resonant frequency drop rapidly with increasing film thickness up to 65 m. Beyond 65 m, however, the calculated resonant frequency shows discrepancy with the measured data. This is due to the existence of a critical dielectric film thickness, d c = / 4͑ 2 −1͒ 1/2 ; at 1.1 THz, d c Ϸ 63 m.
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When the film thickness d Ͼ d c , Eq. ͑3͒ is no longer valid, and the resonant frequency shows a slow variation with film thickness and eventually approaches a constant. In this case, the SP resonance can be evaluated solely at the Al-dielectric layer ͑ 2 ͒ interface through the relation k sp = ͑ / c͒ 2 1/2 .
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To achieve an in-depth understanding of the effect of the dielectric layer on SP resonance properties, an angleresolved transmission measurement is carried to reveal a full band structure of the plasmonic array. The in-plane wave vector k ʈ shown in Eq. ͑1͒ is a component of the incident wave vector k 0 in the array plane, defined as k ʈ = ͑ / c͒sin , where is the incidence angle. Hence, the resonant frequency of the excited SP mode can be continuously tuned by varying the angle of incidence. Figures 4͑a͒ and 4͑b͒ illustrate the full band structures of the Al-air ͓Ϯ1,0͔ SP mode without and with the 65 m thick dielectric overlayer, respectively, with the incidence angle varied from −40°to 40°. The amplitude transmission is plotted in the ͑f , ͒ plane with a color scale proportional to the magnitude. The influence of the overlayer on SP resonance properties is clearly observed. The full band of the Al-air ͓Ϯ1,0͔ SP mode is shifted toward lower frequencies when the 65 m thick dielectric layer is applied on the array surface.
It is also of interest to note that the amplitude transmission at the Al-air ͓Ϯ1,0͔ SP mode reveals only a minor change with the overlayer thickness, with a minimum around a level of 0.25. This is because the dielectric layer is nearly transparent at terahertz frequencies and the damping term in this layer is negligible ͑ 2 Љ=0͒. 23, 24, 27 While the dielectric film leads to a redshift in the SP band at the Al-air interface, it also shows a quite distinct influence on the fundamental SP resonance mode at the Al-Si interface.
As shown in Fig. 2 , the presence of the dielectric layer gives rise to an enhancement in resonant transmission at the Al-Si ͓Ϯ1,0͔ 0.5 THz mode. With the 65 m thick overlayer, the peak amplitude transmission increases from 0.82 to 0.94 at normal incidence, but it rarely affects the resonant frequency. The full band structure of the Al-Si ͓Ϯ1,0͔ mode with the overlayer remains nearly unchanged compared to that of the bare metal array, except for the increase in transmission strength, as shown in Fig. 5 . This is because the resonant frequency of SPs at the Al-Si interface is directly related to the dispersion relation described by Eq. ͑2͒ with d = Si , the dielectric function of silicon substrate, and the dielectric function of the overlayer does not make a direct contribution to the resonant frequency of the Al-Si ͓Ϯ1,0͔ mode. However, the modification of resonance amplitude with the dielectric layer is interesting. The observed increase in resonant transmission at the Al-Si ͓Ϯ1,0͔ mode suggests that there exists an enhanced electric field at the interface due to the presence of the 65 m thick dielectric layer.
A further verification is provided by examining the modeled field distribution at the array interfaces. At 0.5 THz, the peak resonance of the Al-Si ͓Ϯ1,0͔ mode, the electric field vector is simulated using frequency domain FEM for normal incidence, as illustrated in Figs. 6͑a͒ and 6͑b͒ , respectively, without and with the 65 m thick overlayer. The arrows point at the direction of electric field E and the colors are proportional to the magnitude of the electric field. The fieldline loops are enhanced noticeably into the hole due to addition of the dielectric layer as compared to that of the bare 
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array. The appropriate dielectric overlayer of 2 Ͼ 1 indeed results in the increased coupling of the terahertz wave into SPs at the dielectric-Al ͑ 2 − m ͒ interface.
IV. CONCLUSION
In conclusion, the dielectric overlayer on the subwavelength hole array of asymmetric metal-dielectric interfaces has shown a strong influence on resonant terahertz transmission due to modification of wave vectors of the SP modes. With various thicknesses of the overlayer, the Al-air SP ͓Ϯ1,0͔ mode exhibits a large tuning range, while the peak amplitude transmission of the low-frequency Al-Si SP ͓Ϯ1,0͔ mode is enhanced noticeably. This finding is very promising in on-chip terahertz sensing of biological and chemical agents, as well as tuning and modification of resonant frequencies of plasmonic terahertz devices.
